The role of Lorentz invariance as a fundamental symmetry of nature has been lately reconsidered in different approaches to quantum gravity. It is thus natural to study whether other puzzles of physics may be solved within these proposals. This may be the case for the cosmological constant problem. Indeed, it has been shown that breaking Lorentz invariance provides Lagrangians that can drive the current acceleration of the universe without experiencing large corrections from ultraviolet physics. In this work, we focus on the simplest model of this type, called ΘCDM, and study its cosmological implications in detail. At the background level, this model cannot be distinguished from ΛCDM. The differences appear at the level of perturbations. We show that in ΘCDM, the spectrum of CMB anisotropies and matter fluctuations may be affected by a rescaling of the gravitational constant in the Poisson equation, by the presence of extra contributions to the anisotropic stress, and finally by the existence of extra clustering degrees of freedom. To explore these modifications accurately, we modify the Boltzmann code class. We then use the parameter inference code Monte Python to confront ΘCDM with data from WMAP-7, SPT and WiggleZ. We obtain strong bounds on the parameters accounting for deviations from ΛCDM. In particular, we find that the discrepancy between the gravitational constants appearing in the Poisson and Friedmann equations is constrained at the level 1.8%.
I. INTRODUCTION
Explaining the origin of the current acceleration of the universe is one of the biggest challenges in cosmology. Despite the great successes of the ΛCDM paradigm, it is hard to accept that a very fine-tuned form of otherwise invisible energy governs nowadays the behavior of the universe at the largest scales. A whole plethora of models are proposed as alternatives to this situation. These are known as quintessence or dark energy models [1] [2] [3] . The motivations and domain of applicability of various proposals are quite diverse: whereas some of them are intended as mere phenomenological models only valid for cosmology, others are rooted in theoretical considerations and are testable by different types of experiments. From the theoretical viewpoint the preferred models are those addressing (at least partially) the naturalness problem of the cosmological constant without introducing any additional fine-tunings. In this paper we will study in detail the ΘCDM proposal of Ref. [4] that has such a property. This model is well-motivated theoretically and has a rich phenomenology that may distinguish it from ΛCDM.
The ΘCDM model is based on the idea that the Lorentz invariance observed in the Standard Model of particle physics is an emergent phenomenon and does not correspond to a symmetry of nature. This concept is motivated by attempts to find complete theories of quantum gravity, but it can also be considered independently. There exist two different approaches: on one hand Einstein-aether theory [5, 6] provides a phenomenological description of gravity with broken Lorentz symmetry at large distances; on the other hand Hořava gravity [7, 8] invokes a violation of Lorentz invariance at any scale to improve the quantum properties of gravitational theories. The restriction of Hořava gravity to operators with the lowest dimension can be considered as an effective theory by itself, called the khronometric theory [9] . The two proposals are very similar at large distances: the khronometric theory can be viewed as a constrained version of the Einstein-aether theory, and in many situations the predictions of the two theories coincide [9, 10] . The analysis presented in this work is applicable to all these classes of models. However, in the last step consisting in deriving the actual observational bounds on the model parameters, we will restrict to the khronometric case.
Several implications of the above models for cosmology have been studied in the past, see e.g. [11] [12] [13] [14] [15] [16] [17] . For the evolution of the Universe as a whole, the consequences of the minimal models 1 are rather trivial. They are compatible with Friedmann-Robertson-Walker (FRW) solutions that differ from the standard case only by a renormalization of the gravitational constant away from the value 1 By this term we refer to the models with a minimal number of additional degrees of freedom in the gravity sector, and the simplest kinetic action (Einstein-aether and khronometric theories) [6, 9] . measured in local tests of Newton's law. In other words, those models do not modify the form of the Friedmann equation. The background evolution becomes more interesting when non-minimal models are considered. In this case, the breaking of Lorentz invariance allows for Lagrangians which can change the expansion history of the universe and provide new alternatives for inflationary dynamics, dark matter and dark energy [4, 11, 17, 18] . Some criteria are necessary to identify the most interesting cases. In this work we will be concerned with the issue of dark energy, for which one would like to find a simple model described by a Lagrangian with high cutoff scale, that provides a mechanism to accelerate the universe insensitive to UV corrections 2 and distinguishable from ΛCDM. The ΘCDM model of Ref. [4] meets these requirements.
Some consequences of ΘCDM have been already discussed in Ref. [4] . In the present work we describe the observable physical effects of the model on cosmic microwave background (CMB) anisotropies and on the matter power spectrum (at the linear level). We provide a detailed discussion of such effects, that we computed accurately with a modified version of the flexible Boltzmann code class [19] . We then compare the ΘCDM model to recent CMB and Large Scale Structure (LSS) data using the Monte Carlo parameter inference code Monte Python [20] .
Our work is organized as follows: in Sec. II we describe the ΘCDM model and discuss the constraints not related to cosmology. In Sec. III we study the background evolution and derive linear equations for perturbations around the FRW background. The results presented in this section are complementary to those in Ref. [4] . They hold in a different gauge, and refer to different conventions and parametrizations, found to be more suitable for the numerical implementation. The qualitative effects of ΘCDM on the CMB and matter power spectrum are described in Sec. IV. We present constraints from CMB and LSS data in Sec. V, and expose our conclusions in Sec. VI. Appendix A contains the derivation of initial conditions for cosmological perturbations in ΘCDM.
II. LORENTZ BREAKING THEORIES OF GRAVITY AND ΘCDM
Lorentz invariance is one of the best tested symmetries of the Standard model of particle physics [21] . It is also a fundamental ingredient of the theory of general relativity, that provides a very successful description of gravitational interactions over a huge range of scales. However, it is not known how to directly promote general relativ-ity to a complete quantum theory, which points towards the necessity to consider alternatives. Independently of this, modifications to general relativity are currently being considered in the area of cosmology. The rationale behind these modifications is the possibility to use the wealth of cosmological data to learn how gravitation behaves at the largest accessible distances and, hopefully, shed some light on the mechanism responsible for the accelerated expansion of the universe.
These two lines of research converge if one assumes that Lorentz invariance is not a symmetry of the gravitational sector. This idea opens the possibility to construct gravitational theories with better quantum behavior than general relativity [7] . This is achieved at the price of introducing new degrees of freedom that modify the laws of gravity at all distances, including those relevant for cosmology [8, 9] . Even before this top-down approach had been initiated, the bottom-up Einstein-aether model [5] was proposed as a way to capture the large-distance effects of a putative Lorentz violation due to quantum gravity. In this work, we will consider theories where Lorentz violation is described by a preferred time-like vector field u µ defined at every point of space-time, which includes Einstein-aether theory and Hořava gravity. For the latter, we will focus only on its low-energy form, the khronometric theory [9] . The vector field will be normalized to
The presence of this dynamical field allows to use for the description of Lorentz violation the same language as for spontaneous symmetry breaking. Gravitational physics at large distances is governed by the following covariant action for g µν and u µ , featuring a minimal number of derivatives:
where
and l is a Lagrange multiplier that enforces the unit-norm constraint. Equation (2) includes the Einstein-Hilbert (EH) term evaluated with the metric g µν . The parameter M 0 is proportional to the Planck mass (cf. (8) ) while the dimensionless constants c a , a = 1, 2, 3, 4, characterize the strength of the interaction of the aether u µ with gravity. This is the action of the Einstein-aether model [5, 6] .
The khronometric case corresponds to the situation where u µ is defined as a vector normal to a foliation consisting of the level surfaces of the khronon field ϕ,
In this case, the constraint (1) is satisfied identically and the first term of (3) can be expressed as a linear combination of the last two terms. Thus, K µν σρ reduces to its last three terms with coefficients
At the level of linear perturbations, the khronometric theory differs from the Einstein-aether theory by the number of propagating degrees of freedom apart from the spin-two mode of the graviton. While the aether in general describes vector and scalar excitations, the khronometric case only contains scalars. However, the scalar sectors of the two theories are equivalent and are completely characterized by the three parameters (5) .
Once the couplings to matter are specified, the constants c a are constrained by various considerations ranging from theoretical requirements to observational tests. First, to very good precision, the Standard Model fields must couple only to g µν and not to u µ , as required by Lorentz invariance in this sector 4 [21] . This decoupling presents a serious challenge to the proposal, but it is conceivable to achieve it either by imposing extra symmetries, e.g. supersymmetry [23, 24] , or through a renormalization group running [25] . Next, there are restrictions imposed by the stability of Minkowski spacetime [6] . In particular, the requirement that the scalar mode is neither a ghost nor a tachyon field amounts to the constraints
Stringent bounds come from observations of the Solar System dynamics, which can be used to place constraints on post-Newtonian (PPN) parameters. Two of these parameters, denoted by α P P N 1 and α
, describe the effects of Lorentz violation. In general, they are different from zero (their value in general relativity) both in the Einstein-aether and khronometric theory; we refer the reader to [6, 29] for explicit relations with the constants c a . Assuming no cancellations in these formulae, one obtains experimental bounds of the order of
However, there are regions in the space of model parameters (α, β, λ) in which α
vanish and Solar System 4 More generally, a universal coupling of Standard Model fields to a fixed combination of gµν and uµ is allowed. This reduces to the previous case by a redefinition of the metric [22] .
tests are automatically satisfied, with Newton's constant given by
This requires 5 α = 2β for the khronometric model, (9a) α = −(3λ + β) for the Einstein-aether.
In these cases, much weaker bounds can be inferred from gravitational wave emission in binary systems [28, 29] , giving
and from the form of black hole solutions, imposing inequalities detailed in [26] . We will see that in the case of the khronometric model, the bounds that can be inferred from cosmology are competitive with (10), but not with (7). Thus we will impose the relation (9a) when searching for the allowed parameter space. Previous studies of the cosmological effects of Lorentz violation [11, 16] focused on the Einstein-aether model. In those works, the relation (9b) was enforced to avoid the PPN constraints. As we will explain, the relation (9b) also incidentally suppresses the leading effects in cosmology, unlike the relation (9a). This explains why the bounds obtained in those studies are rather mild. The implications of the action (2) for the background evolution of an homogeneous and isotropic universe are minimal. If all matter components are universally coupled 6 to g µν , the only difference with respect to general relativity is that the Friedmann equation involves a renormalized gravitational constant
differing from the value G N measured e.g. on earth or in the Solar System 7 , given by Eq. (8) . In order to modify the expansion history of the universe, and find a candidate for dark energy, we need to add a new ingredient to the model. We want to do it in a way that preserves the 5 The difference between the models is due to the contributions to α P P N 1,2 from the vector polarizations that are present only in the Einstein-aether case. 6 A priori, there is no reason why this must be true for the dark matter. Still, as shown in [27] , even allowing for non-universal interactions between the dark matter and the aether does not change the background evolution. As our main focus in this paper is dark energy, we will assume that the dark matter has standard properties (namely, that it is a pressureless fluid, described at the fundamental level by a Lorentz invariant Lagrangian, and with universal coupling to gµν ). 7 The analysis of Big Bang Nucleosynthesis [14] sets a bound on the relative difference between the two, |Gcos/G N − 1| ≤ 0.13.
simplicity of the proposal and its validity as a low-energy effective field theory. This is achieved by supplementing the action (2) with a new field Θ invariant under the shift symmetry,
The low-energy action for this field is
and involves two free parameters (κ, µ). We will refer to the model resulting from the combination of the actions (13) and (2) (with a universal coupling between matter fields and g µν ) as ΘCDM [4] . The cosmological constant term is set to be exactly zero 9 . Two comments are in order. First, as an effective field theory, ΘCDM provides a valid description of physics up to a cutoff scale of the order of Λ c ∼ √ c a M P . The bounds (7) or (10) show that this cutoff scale may be only a few orders of magnitude below the Planck mass. Furthermore, in the khronometric case, the theory has a potential UV completion, since it is a sub-case of Hořava gravity [7] . Second, in the whole ΘCDM action, only the last operator in (13) breaks the discrete symmetry Θ → −Θ. This implies that from the viewpoint of the effective field theory, it is self-consistent to choose the coefficient in front of this operator to be much smaller than the UV cutoff. In spite of µ being dimensionfull, the above symmetry guarantees that it is renormalized multiplicatively, and that no dangerous contributions proportional to Λ c appear. In other words, the smallness of µ is technically natural. This last observation is very important, since we are going to see that in the ΘCDM model, µ sets the scale of the current cosmic acceleration.
III. COSMOLOGICAL SOLUTIONS OF ΘCDM
We are interested in describing the evolution of perturbations around homogeneous and isotropic solutions in the ΘCDM model. We focus on scalar perturbations, and refer the reader to [13, 15, 30] for possible effects of vector and tensor modes. In the synchronous gauge, the 8 A similar action with an additional potential term for Θ breaking the shift symmetry (12) was considered in [18] . 9 One can entertain the possibility of finding a mechanism that would enforce the cancellation of the vacuum energy induced by quantum loops [4] . However, at present, we are not aware of any such mechanism. Thus, the vanishing of the cosmological constant should be taken merely as an assumption.
perturbed FLRW metric has the form,
Besides, for Θ and the khronon (or the longitudinal component of u µ in the more general Einstein-aether case) we introduce
The matter components are assumed to be cold dark matter (cdm), photons (γ), neutrinos (ν) and baryons (b).
We describe these components at the same level of approximation as in Ref. [31] . In particular, the dark matter is treated as a pressureless fluid universally coupled to the metric g µν . We assume that it is comoving with the gauge, in order to eliminate the well-known residual freedom in the synchronous gauge. We now discuss how the gravitational equations are modified in ΘCDM. These equations were derived in [4] using the conformal Newtonian gauge. Here we will rewrite the linearized equations in the synchronous gauge (14) , and in a form optimized for numerical study with the Boltzmann code class [19] .
A. Background evolution
Deriving the equation of motion for Θ from (13), one finds that the homogeneous partΘ(t) evolves aṡ
where C is an integration constant. Substituting this solution into the Friedmann equation (derived from the combination of the actions (2) and (13)) yields
where H ≡ȧ/a 2 and G cos is given by (11) . The first three contributions in the brackets come from the energymomentum tensor of the Θ-field and have the form,
while ρ n , n = cdm, γ, ν, b, stand for the densities of the standard matter components of the Universe.
Let us analyze Eq. (17) . Recall that there is no cosmological constant at the fundamental level in the model. Instead, the first term in (17) plays the same role with an energy scale set 10 by µ. As emphasized above, µ does not receive large radiative corrections, and thus this source of dark energy can naturally have an energy scale completely unrelated to the cutoff of the theory. The second term has the form of the contribution of stiff matter. Not to spoil Big Bang Nucleosynthesis (BBN), ρ s must be smaller than about 30 times the density of radiation in the Universe at temperatures of the order of 10 MeV [32] . Thus, assuming that this contribution was already present at BBN 11 , due to its rapid decrease, it is completely negligible at later epochs. The third term in (17) behaves as the energy density of dust 12 , so one might be tempted to identify it with the dark matter. However, being the geometric mean of the first two, this term is always subdominant and cannot contribute a significant fraction of dark matter. Given these considerations, we will set C = 0 henceforth.
B. Cosmological perturbations
Let us introduce two time scales that appear in the analysis of the linear perturbations,
where H 0 = 100 h km s −1 Mpc −1 is the current value of the Hubble constant today. It is also convenient to rescale the Θ-fluctuation defining
so that both fields (χ,ξ) have the dimension of time. The equations of motion for χ andξ read 11 We do not specify the origin of the field Θ in this work. One possibility is to identify Θ with the Goldstone boson of a spontaneously broken global symmetry. Then, the above assumption amounts to stating that the corresponding phase transition occurs before BBN. If it happens later, the picture may change, but it is hard to see how this option can be incorporated in a viable cosmological scenario. 12 Note though, that its sign can be negative depending on the sign of C.
where we introduced the notations
and
Note that the constants c χ , c Θ represent the sound speeds of the fields χ and ξ at relatively short wavelengths, where these modes decouple from each other [4] . These two velocities are constant in time and we will treat them as quantities of order one, which is their natural order of magnitude from the point of view of effective field theory. Note that in general they can exceed one, so that the fields can be superluminal. In Lorentz violating theories, this does not lead to any causal paradoxes, see e.g. the discussion in Ref. [33] . We now present the linearized Einstein equations. There are four equations in the scalar sector corresponding to different components of the Einstein tensor
Only two of these equations are independent, but we write all of them for completeness. For the δG 0 0 component we find
Here and in what follows, the label 'other' refers to contributions from the standard matter components, whose form can be found in [31] . For the ∂ i δG 0 i part we find
The δG i i equation reads
Finally, the
(31) In the above expressions the pressure fluctuations δp n , the velocity divergences θ n and the shear potentials σ n are defined in the standard way, see [31] ; the equations for perturbations in the matter components can be found in the same reference. The linearized equations must be supplemented by suitable initial conditions. The latter are derived in Appendix A.
For simplicity, we are going to set c Θ = 1 in the numerical simulations. This prescription is equivalent to fixing κ = 0, and leaves us with four free fundamental parameters (α, β, λ, µ). A different choice for c Θ would not affect qualitatively the evolution of perturbations, unless c Θ is very small. In that case, the fieldξ could in principle cluster on scales much smaller than the Hubble radius, but we will not consider this situation in the present work 13 . We can compare the number of free parameters in this model with that in an ordinary ΛCDM model sharing the same background evolution. The parameters (Ω Λ , H 0 ) of ΛCDM can be mapped onto the parameters (µ, H 0 ) of the ΘCDM model. Hence the latter features only three additional parameters (α, β, λ), reducing to only two independent parameters after imposing one of the conditions fulfilling Solar System tests, (9b) or (9a). Once (α, β, λ) are fixed, all coefficients in the field equations (21) and in the Einstein equations can be derived.
C. Changing the gauge
Reference [31] shows the impact of a gauge transformation on the variables describing matter and metric perturbations, and on the form of their respective equations of evolution. Here we show how the fields χ andξ transform when switching from the synchronous to the Newtonian gauge. This transformation is induced by the particular change of coordinates
13 A small value of c Θ corresponds to the near cancellation of the kinetic terms forξ coming from the first and second terms in Eq. (13) -a situation that appears fine-tuned from the effective field theory perspective.
After this transformation, the scalar part of the metric (14) becomes diagonal,
with ψ =β + Hβ , φ = η − Hβ .
The khronon and Θ field transform as
Although the Boltzmann code class features equations in both the synchronous and Newtonian gauge, for simplicity, we choose to implement the ΘCDM equations in the synchronous gauge only. However, when presenting the physical interpretation of numerical results in the next section, we will refer to the evolution of quantities in the Newtonian gauge, obtained by performing the above transformation inside the code a posteriori (i.e. after solving the equations of motion in the synchronous gauge).
IV. OBSERVABLE EFFECTS
The modified evolution of linear perturbations in ΘCDM leads to observable consequences which we now discuss. We focus on the scalar sector, known to contribute most to observable quantities. The effects of Lorentz violation on the tensor and vector sectors are weakly constrained by current cosmological data [13, 15, 30] . The only effect on tensor modes is a small shift in their velocity [6] . The vector equations are identical in general relativity and in the khronometric model, implying that vector perturbations decay with time. Possible effects of vector modes in the Einstein-aether model on CMB polarization have been discussed in [13, 15] .
At the qualitative level, one can identify three main effects distinguishing the growth of perturbations in ΘCDM from that in ΛCDM. These are: (i) a rescaling of the matter contribution in the Poisson equation (i.e., a different self-gravity of matter perturbations), (ii) an additional contribution to the anisotropic stress, and (iii) the presence of additional clustering species. The first two effects are generic for any Lorentz violating gravitational theory based on the Einstein-aether or khronometric model 14 , while the third is specific to the dynamical realization of dark energy in ΘCDM.
To understand these effects, let us work in the Newtonian gauge. The Poisson equation (i.e., the sub-Hubble limit of the (00) Einstein equation) reads
Let us first concentrate on the contribution of standard matter. Using the Friedmann equation (17), the (timedependent) fraction of the total energy density of the Universe due to each matter component is given by
The Poisson equation takes the form
where for the time being we have omitted the terms in the second line of (37) and neglected the anisotropic stress (i.e. we have set ψ = φ). If we assume that the background evolution of the Universe is standard, with H and f n being exactly the same as in ΛCDM, Eq. (39) implies that the strength of the gravitational potential produced by density perturbations is modified by the factor G N /G cos . When this modified potential is substituted into the matter equations of motion (which have the standard form), it leads to a different growth rate of perturbations with respect to the ΛCDM case. For instance, a straightforward calculation shows that during the matter dominated epoch, the density contrast grows according to the modified power-law (cf. [12] 
Notice that for small values of the parameters (α, β, λ) the anomalous growth is proportional to
where we have defined
For Σ = 0, the effect of modified self-gravity is strongly suppressed. Hence we expect cosmological bounds on (α, β, λ) to be weaker along this degeneracy direction. Incidentally, in the Einstein-aether case Σ is required to vanish (or, rather, be extremely small) by the PPN constraints, see (9b). This explains why the cosmological bounds on Einstein-aether theory are rather mild [11, 16] . On the other hand, in the khronometric model the PPN constraints are compatible with Σ = 0 and the influence of Lorentz violation on cosmological perturbations is more pronounced. The second effect is understood from the tracefree part of the (ij) Einstein equation,
Since the khronon field introduces a preferred direction u µ in space-time, it may generate anisotropic stress. This effect (proportional to β) is accounted for by the last term in the previous equation. Generally speaking, adding anisotropic stress amounts to increasing the viscosity of the cosmic fluid, and leads to a damping of small-scale perturbations.
The third effect comes from gravitational interactions between ordinary matter species and the scalar fields χ andξ. This interaction, described by the second line in Eq. (37), may play an important role under the condition that the fields cluster and form sufficiently dense clumps. This might be the case through a mechanism described in Ref. [4] . The mixing between the dark energy perturbationξ and the khronon χ (see Eqs. (21)) gives rise to a mode whose sound speed vanishes in the limit of small momentum k. This property implies that the effective pressure associated with the mode is small, and that the density perturbations (δρ χ , δρ ξ ) can be amplified efficiently by gravitational collapse. Hence, the ΘCDM model features clustering dark energy. A semiquantitative analysis of this effect was performed in [4] , showing that structure formation is enhanced at small comoving momenta (large wavelengths), k H α . Unfortunately, in this range, the quality of cosmological data is rather poor, and this effect does not play a significant role in actual observational constraints on the model.
To illustrate how the above effects impact observable quantities, we study numerically the evolution of cosmological perturbations in two reference models using the Boltzmann code class. We will call them the enhanced gravity and the shear models. The corresponding parameter values are listed in Table I . Clearly, in the enhanced gravity model we keep the effect (i) while switching off the effect (ii); in the case of the shear model the situation is opposite. The effect (iii) is present in both models but we will see that it is always subdominant. Note that the values in Table I have been chosen very large in order to make the modifications visible on the plots. However, these values are excluded by current data (see Sec. V).
A. Effects on the CMB
In this subsection, we describe the changes induced by Lorentz violation in the CMB temperature anisotropy spectrum. We consider ΘCDM with the two reference sets of parameters listed above and compare the results to ΛCDM. To highlight the changes, all simulations are performed with adjusted initial conditions such that, in the limit k → 0, the gravitational potential ψ is the same for all three models. For the standard cosmological parameters, we choose the following values: n s = 1, h = 0.7, Ω b = 0.05, Ω cdm = 0.25, A s = 2.3 × 10 −9 , z reio = 10.
Enhanced gravity model : In Fig. 1 (top panel) we can see that at the time of decoupling, the gravitational potential in this model is enhanced (in absolute value) compared to ΛCDM. This is due to an increase in the perturbation growth, governed by Σ. On the same panel one observes two changes in the solution for the photon temperature perturbations Θ γ ≡ δ γ /4: a shift of the peaks of oscillations towards higher momenta, and a shift of the zero point of oscillations. These effects can be qualitatively understood from the combination of the modified Poisson equation (39) with the equations of motion of the photon-baryon plasma before decoupling. The latter have a standard form, and in the tight coupling approximation they reduce to a single master equation,
where R ≡ 3ρ b 4ργ encodes the baryon-to-photon density ratio, and c s ≡ (3(1 + R)) −1/2 is the sound speed of density waves in the plasma in the absence of gravity. According to Eq. (39), the first term on the r.h.s. of (44) contains a contribution proportional to Θ γ . This contribution is positive and larger than in ΛCDM for Σ > 0. It effectively decreases the speed of sound in the plasma at the moment when each mode enters inside the horizon 15 , which translates into a shift of the peaks, observed in the top panel of Fig. 1 . Next, the zero point of the acoustic oscillations is given by the value of −ψ/3c 2 s at decoupling. As already mentioned, |ψ| is larger in the enhanced gravity model, leading to a shift in this zero point further away from Θ γ = 0. Finally, the amplitude of the acoustic oscillations around the zero point is slightly smaller in the enhanced gravity model than in ΛCDM. 15 Strictly speaking, the Poisson equation (39) is valid only for subhorizon modes. However, it is sufficient for our qualitative argument. The above features affect the Sachs-Wolfe (SW) contribution to temperature anisotropies. In the bottom panel of Fig. 1 , we plot this contribution, given by Θ γ + ψ at recombination. One clearly sees the shift of the peaks and notices that the even peaks are suppressed while the odd ones are almost constant (with the notable exception of the first peak, which is suppressed). This is due to the competition between the different effects described in the previous paragraph.
In the anisotropies observed today, the SW contribution is supplemented by those coming from the Doppler and Integrated Sachs-Wolfe (ISW) effects. The decomposition of the C spectrum in terms of these effects is presented in Fig. 2 for different models. The comparison of the enhanced gravity model with ΛCDM is shown in the top-panel. In the SW contribution (as well as in the total spectrum), we observe the expected suppression of the first, second and fourth peaks, while the third peak amplitude is roughly unchanged. On small angular scales, the peaks are further suppressed by Silk damping. Indeed, due to the shift in the phase of oscillations, they correspond to smaller physical scales at recombination, that are more affected by diffusion damping. The Doppler effect, which depends onΘ γ at recombination, is also modified. Finally, a prominent feature clearly visible on the plot is the significant enhancement of the ISW contribution in the range 10 < l < 100, i.e. between the regions usually affected by the early ISW effect (100 < l < 200) and the late ISW effect (2 < l < 10). The ISW effect is proportional to the time derivative of the gravitational potential. In the ΛCDM model, the potential varies only during the epochs of radiation and Λ domination. However, in the enhanced gravity model, the growth of density perturbations entails a slow increase of the gravitational potential also during the matter dominated era, enhancing the ISW effect on a wide range of scales.
All in all, we conclude that the enhanced gravity model produces significant modifications in the spectrum of CMB anisotropies. The pattern of these modifications is quite specific, and apparently not degenerate with the effects of standard cosmological parameters.
Shear model : We recall that in this model, the χ field generates some anisotropic stress and contributes to the shear of the perturbed metric, as described by Eq. (43) . The presence of shear tends to smooth out metric perturbations on scales smaller than the sound horizon associated with the sound speed of the χ field. Note that for parameters of the particular shear model studied here, the field χ is superluminal 16 (c χ = √ 3) and the suppression appears already on super-Hubble scales. This is indeed observed on the top panel of Fig. 1 , where the gravitational potential is clearly smaller (in absolute value) compared to ΛCDM. It also exhibits notable wiggles caused by oscillations in the χ-field [4] . The fact that c χ is much larger than the photon-baryon sound speed explains the shift between the phase of the oscillations seen in ψ and in Θ γ . The suppression of ψ shifts the zero-point of the oscillations in the photon temperature Θ γ . On the other hand, we do not see any shift in the positions of the peaks, which is compatible with the previous discussion: the self-gravity of radiation is not modified in this model.
For fixed initial conditions Θ γ (τ 0 ), the amplitude of the acoustic oscillations depends crucially on boosting effects, imprinted around the time of Hubble crossing, and caused by the three gravitational driving terms on the right-hand side of Eq. (44). In the shear model, the amplitude of acoustic oscillations is damped as a consequence of smaller metric fluctuations and reduced gravitational boosting. This translates into an overall sup- 16 As pointed above, this does not present any inconsistencies in theories without Lorentz invariance. pression of the SW effect visible in the bottom panel of Fig. 1 .
On Fig. 2 , we see that the Doppler and ISW contributions to the total temperature spectrum C are also lower in the shear model than in ΛCDM. The net result is a uniform suppression of all peaks. One may expect that this effect could be compensated, at least partially, by a rescaling of the initial amplitude of perturbations. This suggests that pure shear models might be less constrained than enhanced gravity ones.
Our shear model is similar to the one studied in [11] , where it was claimed that the dominant effect on the CMB comes through the ISW. Our analysis demonstrates that the changes in the SW and Doppler contributions are equally important for this model.
B. Effects on the matter power spectrum
Another observable affected by the behaviour of cosmological perturbations in ΘCDM is the matter power spectrum. We restrict the discussion to low enough Fourier modes, k 0.1 h/Mpc, for which perturbations are still very close to the linear regime. The study of non-linear clustering in this model is beyond the scope of the present paper.
The definition of what one calls the "matter power spectrum" is not so obvious in ΘCDM. This model contains additional components that contribute to perturbations of the total energy density. One may wonder whether they must be included in the calculation of the power spectrum. In general, the answer to this question is yes. Indeed, the existing observations fall into two categories. The first category probes directly metric perturbations (themselves related to total density fluctuations): this is the case e.g. for cosmic shear surveys or CMB lensing measurements. The second category measures the clustering of compact objects like galaxies, halos or clusters. On large scales, these objects are known to trace linearly the underlying gravitational field [36] . Thus, it appears reasonable to define the matter power spectrum using the Poisson equation
Note that we have used here the locally determined value of the Newton constant introduced in Eq. (8). Comparing Eq. (45) to Eq. (37) and neglecting the anisotropic stress which is very small on relevant scales, we see that the contribution of ordinary matter to δρ tot coincides with the standard definition δρ n , while the contributions of the khronon andξ fields read
We stress that all quantities here are taken in the Newtonian gauge.
To obtain the matter power spectrum, the density perturbation δρ tot must be divided by the total matter density (dark matter plus baryons). The latter is determined from the background cosmological solution. In the case of standard gravity, one would again use the local Newton constant G N to infer the density from the geometry. Because in the ΘCDM model the gravitational constant in the Friedmann equation is different, the effective matter density found in this way is renormalized compared to the actual value,
Thus we arrive at the following formula for the power spectrum,
Let us discuss the imprint of our two reference ΘCDM models on this spectrum.
Enhanced gravity model : The left panels of Fig. 3 show the time dependence of various contributions to δρ tot in this model, for three values of the momentum k. As expected, inside the Hubble radius, matter density perturbations grow at a larger rate and are enhanced compared to the ΛCDM case. The contribution of the χ and ξ fields, though small, exhibits some interesting features. On super-Hubble scales, the ξ-density perturbation rapidly grows with time. This is due to the mixing between χ andξ discussed in Ref. [4] , which gives rise to a mode with vanishing sound speed at low momenta, and allows for clustering of the dark energy. In the case of modes crossing the Hubble scale around the current epoch, δρ ξ even becomes comparable to the matter contributions at the present time. However, at shorter scales, the mixing between χ andξ disappears and the speeds of sound of these components become non negligible 18 . This leads to damped oscillations of these fields, clearly visible in the lower left panel of Fig. 3 .
The ratio of the power spectra in the enhanced gravity model and in ΛCDM is presented in Fig. 4 . The accelerated growth of matter density perturbations translates into a significant scale-dependent enhancement of the power spectrum on scales that are below the Hubble radius today (i.e. with k 0.0003 h/Mpc). The curve exhibits small wiggles due to a shift in the position of the peaks of baryon acoustic oscillations (cf. the shift of CMB peaks discussed in Sec. IV A). On sub-Hubble scales, the contribution of δρ χ and δρ ξ to the total matter power spectrum is negligible 19 . Finally, let us point out that the curve in Fig. 4 must be taken with a grain of salt at k 0.1 h/Mpc, where non-linearities become important.
Shear model : Our definition of the matter power spectrum refers to sub-Hubble wavelengths only, and also uses the assumption that φ and ψ are equal in Eq. (37), which leads to Eq. (45). Hence we need to check whether the anisotropic stress (responsible for a possible difference between the two metric perturbations, see Eq. (43)) vanishes inside the Hubble radius in the shear model. It is well-known that the anisotropic stress of neutrinos and of decoupled photons decays inside the Hubble radius, due to free-streaming. This conclusion also applies to the anisotropic stress of the khronon, due to the dynamics of the χ field. For instance, during matter domination, χ oscillates with an envelope decaying like τ −3 on subHubble scale, implying that its averaged energy density decays like δρ χ ∝ τ −8 ∝ a −4 . The contribution of the khronon anisotropic stress to the difference (φ−ψ) is then oscillating with an envelope proportional to τ −4 ∝ a −2 . At the same time, φ and ψ are almost constant. Hence the relative difference between φ and ψ quickly becomes negligible, and our definition of the matter power spectrum on sub-Hubble scale is applicable. If we normalize perturbations to the same initial value of ψ, the evolution of (δρ cdm , δρ b ) is identical above the Hubble scale in the ΛCDM and shear models. However, in the shear case, the anisotropic stress of the khronon cannot be neglected soon after the time of Hubble crossing. This leads to a smoothing of metric perturbations and to a suppression of δρ cdm and δρ b that is clearly visible in the lower right panel of Fig. 3 . Well after Hubble crossing, the khronon anisotropic stress becomes negligible and (δρ cdm , δρ b ) evolve like in ΛCDM, but with a constant offset coming from the suppression experienced soon after Hubble crossing.
This suppression is seen better in Fig. 4 . For the chosen parameter values, the effect of the shear model is smaller than for the enhanced gravity model. In order to see clearly both effects with the same scale, we multiplied the difference between the power spectra in the shear model and in ΛCDM by 20. Inside the Hubble radius, the suppression of the power spectrum in the shear model is almost scale-independent. When approaching the current value of the Hubble scale, the suppression is reduced by the counteracting effect of additional density fluctuations in the ξ field. However, this reduction is only significant on scales that are too large to be observed with good precision (due to the sampling variance associated to a given survey). Besides, on such scales our definition of the matter power spectrum is no longer applicable 20 . We reach the same conclusion as in the CMB case: on observable scales, the effect of pure shear models can be mimicked by an overall reduction of the primordial fluctuation amplitude, which suggests that these models are 20 Like in the enhanced gravity model, we note that in a scenario with tiny values of c Θ or cχ, density fluctuations in theξ or χ field could in principle be significant on much smaller scales.
more weakly constrained than enhanced gravity models.
V. COMPARISON WITH CURRENT DATA
We will now compare the khronometric ΘCDM model to CMB and LSS data, using the parameter inference code Monte Python 21 [20] . For the CMB, we use here WMAP 7-year data [37] , and SPT data from 2008 and 2009 [38] . Updating our analysis with recent Planck data [39] could give a small improvement on parameter constraints, without changing their order of magnitude. For LSS, we rely on galaxy power spectrum data from the WiggleZ redshift survey [40] . We choose to perform our runs in the synchronous gauge.
We include in the fit eight free cosmological parameters, which are the usual six free parameters of the minimal flat ΛCDM model, plus β and β + λ (this combination is chosen to facilitate the convergence of the chains). The parameter α is fixed to 2β, which is the condition for satisfying all bounds coming from Solar System tests in the khronometric model 22 . As far as cosmology is concerned, this condition is actually not necessary, but we implement it anyway in order to deal only with realistic models. We also vary three nuisance parameters describing the foreground contamination of SPT data, and we marginalize over these parameters following strictly the approach of Ref. [38] .
We show our results for the Bayesian minimum credible interval of each parameter in Table II . The onedimensional and two-dimensional posterior parameter distributions are displayed in Fig. 5 (omitting the three SPT nuisance parameters for clarity).
The ΘCDM parameters are found to be weakly correlated with the six standard model parameters, and strongly correlated with each other. Isoprobability contours in the (β, β + λ) space have a complicated shape. They are very elongated along two directions of degeneracy, corresponding to β + λ 0 and β 3/2(β + λ). Away from these two special directions, the contours are more regular, and closer to an ellipse centered on the origin. The posterior probability peaks at (β, β+λ) (0, 0), showing that the data brings no evidence in favor of the ΘCDM model. The two directions of degeneracy can be interpreted as follows.
First, the case β + λ 0 corresponds to Σ 0 for our choice of α. This is the region of pure shear models, discussed in the previous subsection. We already argued that the differences with ΛCDM are less important in this case 23 than in the enhanced gravity case corresponding to the orthogonal direction β = 0. This explains the factor four difference between constraints on β and on β + λ in Table II .
The other case has a less straightforward interpretation. The relation β 3/2(β + λ) implies that the khronon has a squared sound speed c 2 χ 1/3, similar to that of neutrinos and of tightly coupled photons. Hence, for these models, the khronon does not introduce a new characteristic scale, and the oscillations seen in the lower left panel of Fig. 3 may mimic those of photons or neutrinos, thus lowering the sensitivity along this direction. We checked explicitly with the modified class code that in this particular case, the sum of all effects described in the previous section (enhanced gravity, additional shear and extra clustering species) can be nearly cancelled at the level of CMB anisotropies by a variation of the standard cosmological parameters. This situation is analogous to the case of extra relativistic degrees of freedom, for which the impact of a small variation of N eff on the CMB can be partially compensated by a variation of other parameters, leading to a well-known degeneracy between N eff and H 0 [41] . ΘCDM models with c 2 χ 1/3 are not exactly equivalent to models with extra relativistic degrees of freedom, but their effect can be compensated in a similar way. This explains the weak correlation observed in Fig. 5 between standard parameters and ΘCDM parameters. By comparing with a run based on CMB data only, we find that the inclusion of LSS data helps in breaking this degeneracy (by limiting enhanced gravity effects on the matter power spectrum), but even in presence of WiggleZ data, the degeneracy appears very clearly in Fig. 5 .
VI. CONCLUSIONS
In this work, we described the impact of the ΘCDM model on cosmological observables, on scales where linear cosmological perturbation theory is valid. This model is an alternative to the ΛCDM scenario in which the acceleration of the universe expansion is caused by a dynamical scalar field Θ. An important difference between this model and most quintessence models is that the action of the field Θ is naturally protected from large ultraviolet corrections. In addition, the ΘCDM model is embedded in a family of gravitation theories with broken Lorentz invariance, which may have an ultraviolet completion in 23 Under the condition α = 2β, the velocity of the χ-field is given by c 2 χ = Σ/(6β). Thus, the limit Σ = 0 formally corresponds to vanishing sound speed of the χ-component. One could expect that this would lead to an amplification of the χ-perturbations and, as a consequence, to strong constraints on the model. However, in practice, cχ never becomes smaller than 10 −2 during the Monte Carlo sampling of the parameters and the clustering of χ does not appear to be significant. the framework of Hořava gravity. The latter theories are characterized by a time-like dynamical vector field u µ which defines a preferred time direction. Typical examples are the Einstein-aether and khronometric theories. The ΘCDM model is the simplest extension of these theories to include a mechanism for cosmic acceleration. Under simple constraints on its parameters, it passes all local tests of gravity: Solar System dynamics, gravity wave emission, black hole structure. We have shown that the ΘCDM model may produce observable effects on cosmological scales, constrained by current cosmological data, but still potentially detectable with future ones.
The background evolution in ΘCDM is identical to ΛCDM. The only potential difference could come from a component playing the role of stiff matter, but in order to preserve primordial nucleosynthesis, we must assume that this component is too small for playing any role in late-time cosmology, and for affecting CMB and large scale structure observables. However, the evolution of cosmological perturbations is generically very different in the ΘCDM and ΛCDM models. We studied the evolution equations of scalar perturbations in ΘCDM and identified three different effects: (i) a renormalization of the matter contribution to the Poisson equation (i.e. a different self-gravity of matter perturbations), (ii) a new contribution to the anisotropic stress, and (iii) the presence of additional clustering degrees of freedom. The first two effects are generic for Lorentz violating gravitation theories based on a unit time-like vector, while the third one is specific to the dynamical realization of dark energy in ΘCDM.
We implemented the equations of ΘCDM in the Boltzmann code class [19] , in order to compute accurately the impact of the three effects (i) , (ii) , (iii). We found that they affect the power spectrum of Cosmic Microwave Background anisotropies in a very particular way (shift in the position and amplitude of the peaks, and enhanced ISW), as can be seen in Fig. 2 . Furthermore, they influence the shape of the matter power spectrum (different amplitude and slope on observable scales, shift in the position of baryon acoustic oscillations). These effects are shown in Figures 3 and 4 .
To derive constraints on the free parameters of the khronometric ΘCDM model (considering only parameter combinations satisfying Solar System tests), we used data from WMAP (7-year), from SPT (2008 and 2009 observations), and from the WiggleZ redshift survey. We ran the parameter inference code Monte Python [20] and found the bounds displayed in Table II and illustrated in Fig. 5 . Quite remarkably, these bounds constrain deviations from general relativity to better than the percent level. They are stronger than those from several tests of gravitation, such as radiation damping of binary systems, or BBN. They are also stronger for the khronometric case studied in this paper than for the Einstein-aether model considered in Ref. [11] , due to the absence of the effect (i) in the latter case. The vanishing of (i) in the Einsteinaether theory (once Solar System bounds are imposed) seems to be simply a coincidence.
The fact that our bounds are dominated by the effect (i) -modified self-gravity of the matter perturbations -suggests that they may have a wider application. The bound on the combination β + λ in Table II can be cast into the constraint on the discrepancy between the gravitational constants appearing in the Newton law and in the Friedmann equation, |G N /G cos − 1| < 0.018 at 95% confidence level. Though in our model we cannot completely disentangle (i) from other effects, we believe that the above constraint will apply, at least by order of magnitude, to any theory predicting a time-independent discrepancy between G N and G cos . It represents an improvement compared to the bounds existing in the literature [42, 43] .
Our analysis can be extended in several ways. First, we have only used the scalar sector of the theory. For the Einstein-aether case, the theory contains also propagating vector modes, whose influence on B-type CMB polarization could provide further observational tests [13, 15] . Second, the analysis can be updated with CMB data from Planck, and in the future, with large scale structure data from DES, LSST or Euclid. It would also be extremely interesting to go beyond the linear regime and try to understand the consequences of ΘCDM for non-linear structure formation. Finally, to completely characterise possible deviations from Lorentz invariance in the context of cosmology, one can consider the option that this symmetry is violated also in the dark matter sector [27] . solid ground. We leave developing such a theory for the future. In the present work we will setξ 0 to zero in the numerical simulations.
For other fields we use the ansatz 24 (cf. [31] ):
